Abstract: Particulate pollution is a continual problem which is usually caused by the burning of crop residues in highland agricultural systems. The objectives of this study are to investigate crop-residue management and estimate the amount of pollutant emissions from burning crop residues for each land-use pattern (grain maize, seed maize and integrated farming), and to estimate the chemical compositions of PM 2.5 emissions from agricultural burning in Mae Chaem basin, Chiang Mai Province, Thailand. The purposive sampling method was used for sample selection. A door-to-door questionnaire survey was used to obtain responses from 149 respondents. Greenhouse gas (GHG) emissions from the open burning of crop residues were estimated, using specific emission factors obtained from several literature reviews and from the field by the questionnaire survey. Results revealed that the majority of farmers burned maize residues during April and May and mostly in the afternoon. These burning behaviors are in line with the supportive weather conditions that reflect high values of temperature and wind speed, and less rainfall and relative humidity result in maize residues being burned easily and quickly. The integrated farming system generated the lowest GHG emissions and amount of chemical composition of PM 2.5 emissions, followed by the grain maize and seed maize patterns, respectively. This study strongly supports the implementation of the integrated farming system in Mae Chaem basin. Proactive and reactive measures should be taken in a well-organized and systematic fashion and should engage all related parties. More importantly, there is an urgent need for policy makers to include PM 2.5 concentrations to upgrade Thailand's air-quality index (PM 2.5 AQI).
Introduction
Biomass burning is a common phenomenon across the globe that has played a vital part in worsening the climate [1] . Many studies have illustrated the amounts of biomass being burnt from various sources, including deforestation, shifting cultivation, forest fires and burning of fuel as well as agricultural residues, most of which occur in the tropical zone [2] [3] [4] . At the global scale, forest fires are the largest source of greenhouse gas (GHG) emissions as they release large amounts of carbon at one time, accounting for approximately 2020 Tg (25% of all the burnt biomass), while the second largest source is the burning of agricultural residues [5] [6] [7] . Burning agricultural or crop residues has resulted in serious air pollution in many countries and over 50% of the black carbon in the global atmosphere [8] . Particulate matter (PM) that results from biomass burning also has negative effects on both the environment and human health. In the developing world, especially in South-East Asia, open biomass burning is a common activity that typically takes place before and after cultivation as a way of controlling crop residues and weeds [9, 10] . Specifically, PM 2.5 particles with an aerodynamic altitude (600-1000 m.a.s.l.), farmers carried out rotational farming, meaning that they grew their crops for a decade and then left the land empty for another decade. The main crop grown was rice, mostly around residential areas [23, 24] . In the 1980s, the Mae Chaem basin development projects led to the development of infrastructure and the promotion of small agricultural projects for commercial purposes with the aim of fighting poverty and encouraging the cultivation of other crops over opium. The development project resulted in an increasing number of agricultural products from the highlands, such as cabbage and carrots, and the expansion of industrial crops such as soybean and maize around basins between high and medium altitudes, as well as the expansion of irrigated areas for rice, fruit and orchids [23] [24] [25] [26] . However, in the last 10 years maize monoculture has increased dramatically due to increasing demand for maize according to the growth of the animal feed industry [27] . 
Data Collection
The objective of this research is to study the areas dedicated to growing grain maize, seed maize and integrated farming. In this study, integrated farming refers to the cultivation of more than two different cash crops in the same area. Crops that were commonly grown in the Mae Chaem basin included peanut, potato, soybean, pumpkin, napa cabbage, strawberry, cabbage, shallot, Chinese parsley, avocado, coffee bean and other vegetables. The sampling method was purposive sampling, by which the researcher identified the expected numbers of farming villages and households that grew maize and maize seed and practiced integrated farming in relation to the objective of the study. To be precise, this study aimed to collect data from farming households that grew grain maize and seed maize and practiced integrated farming, which meant that a sample size determined on the basis of the total number of households in the villages would be too large for this study. However, the number of samples to be taken from each village was determined based on the consultation with the sub-district administrative organization, making effective use of their broad knowledge of the area, expertise, and experience to come up with the group of samples that best represented the area. Onsite data collection included 10 sub-districts from two districts: (1) Mae Suek, Mae Na Chon, Tha Pha, Pang Hin Fon, Kong Khaek, Ban Thap, and Chang Khoeng sub-districts in Mae Chaem District; and (2) Chaem Luang, Ban Chan, and Mae Daet sub-districts in Galyani Vadhana District. Each of these sub-districts was represented by two of its villages, and each village was represented by approximately 10 of its households. In-depth interviews included 20 community leaders and 10 chief officials from district and sub-district administrative organizations. In total, there were 149 respondents.
Monthly temperature, relative humidity, rainfall and wind speed data were obtained from Chiang Mai meteorological station during the period 2012-2017. Data were analyzed to detect the climatological trend and connect with crop residual burning activities during the past 5 years.
Estimating Greenhouse Gas (GHG) Emissions
The volume of emissions of gas "x" from burning crop residues was estimated based on the amounts of crop residues burnt, called "activity data", and the emission factor [28] , as shown in Equation (1) . In estimating activity data, the burned area, biomass density and burning efficiency were taken into account, as shown in Equation (2):
where x is the emission type; E x (g) is the amount of emission of each type; A (kg) is the activity data; EF x (g kg −1 ) is the emission factor; BA (km 2 ) is the burned area; BD (kg m −2 ) is the biomass per surface unit; and BE (dimensionless) is the burning efficiency. In this study, the specific emission factors from several literature reviews were used, as shown in Table 1 . In this study, BD is 0.40 kg m −2 (range: 0.30-0.50 kg m −2 ) [29] , while BA and BE were obtained from the field.
More specifically, chemical compositions of PM 2.5 emissions from maize burning were estimated using the emission factor from Li et al. [30] . The burned area was estimated based on the crop harvest area (HA) and the ratio of the burned area to harvest area, as shown in Equation (3) .
where HA is the area where the crop of each type was harvested and %BA is the ratio of the burned area to harvest area. The data on harvest areas of both maize and maize seed in the study area were collected from Mae Chaem District Agriculture Office, and %BA data were collected from the farmers.
Burning Efficiency (BE)
Burning efficiency was the actual ratio of both types of maize residues that were burned down. Burning efficiency was divided into four groups: (1) minimal burning (1-25%), (2) nearly half burned (26-50%), (3) more than a half burned (51-75%), and (4) nearly all burned (76-100%).
Ground Observation and Questionnaire Survey
Questionnaires were used to collect data about farm management practices, crop residue management, and burned areas. The main topics in the questionnaire included the following: (1) the cultivation area of crops; (2) the number of crop plantations; (3) the variety of crops grown; (4) planting, storing and harvesting methods; (5) the method of removing residues of crops from the farm after harvesting; (6) the reasons for burning or not burning residues; (7) did farmers burn their residues of both maize types? (If yes, how much and when?); (8) if the farmers did not burn the crop residues, what did they do with them? (9) How much of the residue was burned (1-25%, 26-50%, 51-75%, 76-100%)? (10) How much of the planting area was burned (1-25%, 26-50%, 51-75%, 76-100%)? (11) What were the income, cost, and revenue per crop (baht/year)? (12) Was there any other income, aside from maize (baht/year)? (13) Was there any policy or support from the government and/or any related agency concerning maize production? (14) Was there any policy or support from the government and/or any related agency concerning aspects other than maize production? (15) If they were asked to stop growing maize and start growing other crops, would they be willing to? Why? What were the advantages and disadvantages?
Results

Meteorological Data
The meteorological data collected at Chiang Mai Province during the period of 2012-2017 is shown in Figure 2 . The average temperatures of the 5-year period ranged from 29.8 • C (January) to 37.4 • C (April). The monthly average rainfall ranged from 9.8 mm (March) to 200.2 mm (August). The average relative humidity and wind speed ranged from 54.0% (March) to 79.2% (September), and 1.5 km h −1 (January) to 2.9 km h −1 (May), respectively.
Burning Seasons of Grain Maize, Seed Maize and Integrated Farming
Field data showed that, among the farmers in the Mae Chaem basin, 29% and 27% burned residues of grain maize and seed maize in April and May, respectively. After that, the most common months for burning these residues were December (21%), February (7.7%), November (5.8%), January (3.8%), and June, July, and October (1.9% each). However, none of them burned the maize residue in March, August and September. Meanwhile, 31.82% burned crop residues from the integrated farming system in April, 22.72% in May, 9.09% in January, March, and December, and 4.54% in February, August, September, and November. Also, it was found that none of the farmers burned the crop residue from the integrated farming system in June, July or October ( Figure 3 ). 
Method of Removing Residues from the Field
Approximately 50% of the farmers left the grain maize and seed maize residues in their fields without burning or removing them while 41% of them burned them in the field. In addition, it was found that 4% of the farmers took the residue out of their fields to use it for other purposes, and 5% of them practiced all three methods: burning, removing and leaving in place. Most of the farmers (approximately 62%) left the crop residue from the integrated farming system within their fields, while 24% of them burned it down. Only 11% of them removed the crop residue from their fields to use it for other purposes and 3% of them practiced all three methods ( Figure 4 ). However, farmers in each area had different ways of dealing with the crop residues. The results showed that 75% of farmers in Chang Khoeng sub-district left the grain maize and seed maize residue on their fields, while 25% of them burned it. Of the farmers in Mae Daet sub-district, 33.33% removed the residue from their fields, 33.33% burned it down, and the remaining 33.34% left it within their fields. Moreover, of the farmers in Mae Suek sub-district, 75% burned the residue on their fields while 25% of them left it on their fields ( Figure 5A ). Figure 5B illustrates how crop residues were dealt with by farmers who practiced integrated farming. It was found that in Chaem Luang sub-district most of the farmers burned it down in their fields (80%) and 20% of them left it in their fields. Farmers in Ban Thap and Pang Hin Fon sub-districts were similar: 50% of them burned the crop residue in their fields and the other 50% left it in their fields. Meanwhile, Mae Suek sub-district was the only area where farmers did not leave any crop residue in their fields, with 60% of them burning it down and 20% of them removing it from their fields. It was also found that in Chang Khoeng sub-district, all the farmers left the crop residue in their fields. 
Times of the Day at Which Crop Residues Were Burnt
Most of the farmers (66.67%) burned the grain maize and seed maize residues in the afternoon (12:01-18:00 h), while 27.78% of them did so in the morning (06:01-12:00 h), and 5.55% of them did so in the evening (18:01-06:00 h). Moreover, the results showed that 85.71% of the farmers burned the crop residue from the integrated farming system in the afternoon (12:01-18:00 h), 14.29% did so in the morning (06:01-12:00 h), and none of them did so in the evening (18:01-06:00 h) ( Figure 6 ). Concerning each area, all of the farmers in Chang Khoeng and Mae Daet sub-districts burned the grain maize and seed maize residues in the afternoon. Of the farmers in Mae Na Chon sub-district, 75% burned it in the afternoon and 25% of them did so in the evening. On the other hand, 67% of the farmers in Pang Hin Fon sub-district burned it in the morning and 33% of them did so in the afternoon ( Figure 7A ). In the case of integrated farming, most of the farmers in Kong Khaek, Ban Thap, Pang Hin Fon, Mae Suek, and Mae Daet sub-districts chose to burn the crop residue in the afternoon. Meanwhile, most of the farmers (86%) in Chaem Luang sub-districts chose to burn the crop residue in the morning ( Figure 7B ). In addition, it was found that 61% of the burning activity took between one to two hours, while 39% of the activity took less than one hour.
GHG Emissions from Burning Grain Maize and Seed Maize Residues
From highest to lowest amounts, the GHG emissions that resulted from burning grain maize and seed maize residues were as follows: CO 2 > CO > PM 10 (Table 3) . Overall, the total amount of GHG emissions caused by the burning of seed maize residues was 23.94% higher than the total emissions caused by the burning of grain maize residues. 
GHG Emissions from Burning Crop Residues under the Integrated Farming System
Similarly, GHG emissions that resulted from burning crop residues from the integrated farming system were as follows: CO 2 > CO > PM 10 > PM 2.5 > NMVOCs > CH 4 > NO x > BC > SO x > N 2 O. On average, the estimated amounts of the greenhouse gases emitted from burning crop residues under the integrated farming system were 6383.4, 163.5, 26.1, 25.3, 19.0, 11.4, 7.6, 3.2, 0.8, and 0.3 kg ha −1 year −1 (Table 4 ). In addition, it was found that the farmers in Ban Thap sub-district who grew grain maize and, after harvesting, shallot, accounted for the greatest amount of GHG emissions from burning crop residues among all crops grown in the area, whereas the farmers in Chaem Luang sub-district who grew Japanese pumpkin twice a year accounted for the smallest amount of GHG emissions. The estimation shows that the integrated farming system produced the lowest amount of chemical composition of PM 2.5 emissions, followed by grain maize and seed maize, respectively. OC was detected as the dominant chemical composition in PM 2.5 mass, followed Cl − , NH 4 + , K + , EC, SO 4 2− , and NO 3 − , respectively. The top 10 pollution levels of heavy metals in the PM 2.5 mass were in the following order: Pb > K > Ti > Mn > V > Sr > S > Cd > As > Se in all three land-use patterns (Table 5 ). 
Discussions
Prescribed Agricultural Burning Behaviors
Prescribed burning can be accomplished by applying knowledge of and skill with burning to specific site and weather conditions [35] . However, common prescribed burning parameters influencing land-management purposes are rainfall, relative humidity, temperature and wind speed [36, 37] . Based on our findings, the majority of farmers in the Mae Chaem basin burned residues of grain maize and seed maize during April and May ( Figure 3 ) and mostly in the afternoon (Figure 6 ). These burning behaviors are in line with the supportive weather conditions for burning. This is because the high values of temperature and wind speed, and less rainfall and relative humidity during the burning period (Figure 2) , result in maize residues that are burned easily and quickly. This finding can be supported by Indiana Department of Natural Resources [35] , which indicated that high temperatures help dry residues quickly and increase the heat intensity of the fire. High wind speed can also increase the spread of flames and airborne particulate distribution, while calm wind supports air-pollutant accumulation. Moreover, temperature and wind speed generally increase to a maximum in the early afternoon and then decrease to a minimum after sunset.
Furthermore, fires are more intense under low rainfall or in an area to be burned that has dried after rainfall. These results are due to the rainfall effects on relative humidity of the surrounding air and moisture content of residues; if they retain more moisture, they are less apt to burn. Our results are also consistent with Chantara et al. [38] who found that the concentrations of atmospheric pollutants in Chiang Mai (Thailand) were high from January to April (dry season), decreased from May to October (wet season), and increased again from November to December (the cool, dry season). The Pollution Control Department (PCD) [39] also reported that open biomass burning in agricultural and forest areas in northern Thailand produced vast smoke/haze during the dry season (February-April), which is consistent with Chantara et al. [38] and Sillapapiromsuk et al. [40] .
Field Burning of Crop Residues and GHG Emissions
Maize cultivation in the Mae Chaem basin takes place in the non-irrigated highlands. After harvesting, farmers leave the maize residues in the field until the next crop. However, open field burning of crop residues is a simple method by which farmers in this area can clean the agricultural land to facilitate soil tillage. Several studies have confirmed that open burning of crop residues is an efficient way to control insects, diseases and the emergence of invasive weed species [41, 42] . On the other hand, it has been argued that this practice has negative impacts in terms of national economic losses [43, 44] , environmental degradation [45, 46] , health impacts [47] , and soil organic matter (SOM) loss [48] , which leads to a reduction of soil fertility and crop production.
Importantly, open field burning of crop residue transforms soil nutrients to gaseous form which is released to the atmosphere [49] . It has been reported that field burning of crop residues represents a major source of GHGs and aerosols [50, 51] . These trace gases have negative impacts not only on the environment but also on human and animal health, especially in pregnant woman and small children [52, 53] . According to Singh et al. [54] , the medical records of the civil hospital of Jira, Punjab, indicated that there was a 10% increase in the number of patients within 20-25 days of the burning period. This is because more than 60% of the people live in the rice cultivation areas and rice residues are burned every season. In addition, Gadde et al. [55] , Gullett and Touati [56] , and Lin et al. [57] mentioned that burning crop residues results in the release of harmful chemicals to the atmosphere such as polychlorinated dibenzo-p-dioxins, polycyclic aromatic hydrocarbons, and polychlorinated dibenzofurans, which are referred to as dioxins. These air pollutants have toxicological properties and are potential carcinogens. Air pollution can result in the death of animals, as the high levels of CO 2 and CO in the animals' blood can convert the normal hemoglobin into deadly hemoglobin. There can also be a potential decrease in the yield of the milk-producing animals [53] .
Moreover, the burning of crop residues affects not only soil fertility but also farmers' income, because the conversion of forest areas to agricultural land has resulted in a significant decline in SOM content [58] . On steep slopes in the highlands, this can easily result in soil erosion and a decline of soil fertility. According to Boonlertnirun and Jompuk [59] , nitrogen and sulfur most frequently limit the maize yield and are emitted to the atmosphere in fires. Heard and Hay [60] found that about 98-100% of the nitrogen, 24% of the phosphorus, 35% of the potassium, and 75% of the sulfur were lost through burning in Manitoba, Western Canada. Moreover, Gupta et al. [61] estimated that the burning of straw increases soil temperature up to 33.8-42.2 • C (1-cm depth). However, for maize production in the highlands, an alternative to residue burning is needed, and this takes the form of the sequestration of carbon from plant biomass into SOM. To enhance the nutrient balance of maize-planting areas, implementing crop rotation (e.g., mung bean, soybean, red bean, pumpkin) under different types of fertilizers and incorporating these crop residues in the soil can help to develop effective policies to address nutrient-related environmental problems and achieve a sustainable maize stover harvest [62] .
Chemical Compositions of PM 2.5 Emissions from Agricultural Burning
In terms of air-quality assessment, an important parameter is PM, especially PM 2.5 that causes the negative effects on human health (such as impeded breathing, chronic asthma and lung cancer), visibility, radiation [63] [64] [65] [66] and climate change [67] . Our finding revealed that OC was the dominant chemical composition in PM 2.5 mass, which is in line with Turn et al. [34] who reported that about 50% of PM emission from crop residue combustion is carbonaceous aerosol. Moreover, our findings are in line with several studies, which reported that Cl − , NH 4 + , K + , EC, SO 4 2− and NO 3 − were derived from the combustion process, while K + and Cl − were the dominant pollution from agricultural residue burning [40, [68] [69] [70] [71] . Long et al. [72] reported a 34% increase in ambient PM 2.5 concentrations from agricultural burning in the North China Plain. Cheng et al. [73] attributed 37% of PM 2.5 mass, 70% of OC, and 61% EC to crop burning in southern China. Elevated K + and Cl − abundances in PM have been reported for biomass burning in China [74] and in Korea [75] . In Thailand, Chantara et al. [38] determined the seasonal variation of atmospheric ion species and gases in the suburban area of Chiang Mai Province. Their results show that the first component had a high loading of SO 4 2− , NH 4 + and K + , which was probably generated from fuel combustion, agricultural activity and biomass burning, respectively. In addition, Khamkaew et al. [19] , Vinitketkumnuen et al. [76] and Chantara et al. [77] found the major elements in the PM 2.5 from biomass burning in Chiang Mai Province were K + , Mg, Al and Fe. Moreover, PM 2.5 contain various toxic heavy metal elements, among which Pb represented the highest concentration of heavy metals in PM 2.5 from agricultural burning compared with the other elements in this area. Previous studies have demonstrated that Pb is a carcinogenic heavy metal that can be enriched in the human body via inhalation, dermal absorption and ingestion [78] [79] [80] . It should be noted that an integrated farming system generated the lowest concentrations of heavy metals in PM 2.5 due to the lower amount of maize residue burning than other land-use patterns.
Comparisons of GHG Emissions among Grain Maize, Seed Maize and Integrated Farming
Comparisons of GHG emissions among the three land-use patterns-grain maize, seed maize, and integrated farming-pointed to the fact that farmers who grew seed maize were responsible for the largest amount of GHG emissions, followed by those who grew grain maize and those who practiced integrated farming, respectively. It was also found that most of the farmers who did not grow grain maize or seed maize but grew other plants such as strawberry, Japanese pumpkin and cabbage did not burn any crop residues. In addition, field data showed that there were several reasons why the farmers burnt their crop residues. First, residues of grain maize and seed maize are hardly degradable and lead to pests and weeds. Secondly, the residues are a hindrance to farming activities such as tillage, pesticide, herbicide and fertilizer applications, and planting. Thirdly, burning is a costand time-saving method. Fourthly, it is difficult to remove grain maize and seed maize residues from the fields as trucks cannot get into them. Finally, some farmers understand that burning is allowed before or after the period announced by the government.
Proposed Policies
Proactive and reactive measures should be taken in a well-organized and systematic fashion and should engage all related parties. The following plausible solutions for particulate pollution and forest-fire control are suggested: (1) Urgent measures: state agencies must enhance their collaboration and work to officially announce severe particulate pollution warnings in specific areas to urge the government to allocate budgets to help alleviate hardship among those affected. A royal rainmaking station should be established in the northern part of Thailand to cope with the particulate pollution issue. In addition, there should be communication with countries in the Greater Mekong Subregion (GMS)-including Myanmar, Vietnam, and Laos-in order to improve how these countries prevent and cope with open biomass burning. (2) Long-term measures: the concept of "wet forest" that was initiated by King Bhumibol Adulyadej, or King Rama IX, should be incorporated into the proactive and reactive measures for particulate pollution and forest fire using the following methods: first, water from the waterways should be used and various plants should be planted along the waterways. Second, a forest fire prevention system should be built with a wet fire line using irrigation water and rain water. Third, fast-growing trees should be grown to cover a water channel to gradually increase the surrounding moisture and spread it to both sides of the channel, thus helping plants to grow and preventing forest fires, since fires normally thrive on drier land. Fourth, a check dam should be built to close off a water channel or small streams at various intervals to retain some of the water and sediment. The retained water will be absorbed into the soil and will increase moisture on both banks, thus making it a wet forest. Fifth, water should be pumped to the highest possible location and released in small amounts so that it is absorbed into the soil to grow "mountain forests" as wet forests. Sixth, two meters' worth of banana plants should be planted in forests as they can retain water better than other plants can, which will reduce water loss.
More importantly, policy makers urgently need to include PM 2.5 concentrations in Thailand's air quality index (PM 2.5 AQI) in order to provide the public with more comprehensive air-quality data, and implement the measures to control and reduce air pollution in the future.
Conclusions
The majority of farmers in the Mae Chaem basin burned residues of grain maize and seed maize during April and May and mostly in afternoon. These burning behaviors are in line with the supportive weather conditions for burning that reflect high values of temperature and wind speed, and less rainfall and relative humidity result in maize residues that are burned easily and quickly. The amount of GHG emissions from burning crop residues showed that grain maize planting generated emissions of CO 2 > CO > PM 10 The integrated farming system recorded the lowest amount of chemical composition of PM 2.5 emissions, followed by grain maize and seed maize, respectively. OC was detected as the dominant chemical composition in PM 2.5 mass, followed by Cl − , NH 4 + , K + , EC, SO 4 2− , and NO 3 − , respectively.
The top 10 pollution levels of heavy metals in the PM 2.5 mass were in the following order: Pb > K > Ti > Mn > V > Sr > S > Cd > As > Se. This study strongly supports the implementation of the integrated farming system in Mae Chaem basin. More importantly, including PM 2.5 concentrations to upgrade Thailand's air-quality index (PM 2.5 AQI) is an urgent need for policy makers.
